Cell division facilitated by a contractile ring is an almost universal feature across all branches of cellular life, with the notable exception of higher plants. In all organisms that use a contractile ring for cell division, the process of cytokinesis can be divided into four distinct stages. Firstly, the cell needs to specify a location at which to place the cell division ring to ensure proper separation of the cell contents into two daughter cells. Secondly, the cell needs to be able to transport all the necessary components to this region, and construct the cell division ring reliably and efficiently. Thirdly, the cell division ring needs to generate contractile stress in a regulated manner, to physically cleave the mother cell into two daughter cells. Finally, the ring must be disassembled to allow for the final abscission and separation of the daughter cells. In this review, we will discuss some of the proposed mechanisms by which eukaryotic cells are able to complete the first three of these stages. While there is a good understanding of the mechanisms of division site specification in most organisms, and the mechanisms of actomyosin ring formation are well studied in fission and budding yeast, there is relatively poor understanding of how actomyosin interactions are able to generate contractile stresses during ring constriction, although a number of models have been proposed. We also discuss a number of myosin motor-independent mechanisms that have been proposed to generate contractile stress in various organisms.
Introduction
In many eukaryotic cells, a ring formed of randomly distributed and oriented actin filaments and myosin motors is thought to be responsible for generating the contractile stress necessary to cleave a mother cell into two daughters. This transient structure needs to be rebuilt for each new round of cytokinesis and then disassembled after each constriction. This process is necessary for cell viability, as inhibition of ring formation or constriction causes cells to become multinucleate, and successive rounds of cytokinesis failure ultimately result in cell death. Because of this, cytokinesis is a highly regulated process with many redundant pathways and fail-safes; trying to understand the various aspects of this process is thus a highly active area of research.
The 'life cycle' of the actomyosin ring can be divided into four stages: specification of the division site; ring formation; ring constriction; and subsequent ring disassembly. Common model organisms for studying the actomyosin ring include the budding yeast Saccharomyces cerevisiae [1] , the fission yeast Schizosaccharomyces pombe [2] , the amoeba Dictyostelium [3, 4] , and a number of metazoan organisms and cell lines [5, 6] , such as the Caenorhabditis elegans embryo. The cell division structure changes in these organisms from a discrete actomyosin ring in yeasts [7] [8] [9] , to a more dispersed actin meshwork generated from the cell cortex in amoeba and the metazoans [10] [11] [12] . For simplicity, when discussing cytokinesis in general we will informally refer to all of these structures as an actomyosin ring. These systems, and the understanding generated from these systems, will form the main focus of the discussions in this review.
We will first discuss how cells position and form their ring (as these two processes are often related), and then examine potential mechanisms for generating the contractile stress that drives ring constriction and cell division. There appear to be many diverse mechanisms for ring placement and formation that are often highly dependent on the specific morphology of the cell [13] . For ring constriction, it was thought that most organisms rely on actin filament sliding by myosins to generate tension within the ring. However, a number of additional, cell-type-specific mechanisms aid in this process and are sometimes still able to divide the cell in the absence of normal myosin activity. We will not explicitly discuss ring disassembly, except to note that the disassembly process often overlaps with ring constriction, as evidenced by the decrease in total ring proteins observed during ring constriction in a number of organisms [7, [14] [15] [16] [17] [18] .
Division Site Specification and Actomyosin Ring Formation
For the first section of this review, we shall examine some of the mechanisms used by the most common model organisms to complete the first two steps of cytokinesis listed above: specification of the ring assembly site and ring formation. These processes, especially ring formation, are arguably best understood in S. pombe, where a combination of classical genetics, fluorescence microscopy, and mathematical modelling has uncovered a mechanism for ring formation based on the condensation of a series of cortical node structures that are targeted to the division plane at the cell middle [2, 19] . In S. cerevisiae, division site specification is dependent on the cell's division history, with the bud site placed either adjacent or opposite to the bud site from the previous cell cycle [13, 20] . For metazoan cells, even though the physical process of ring formation is not as well understood as in S. pombe or S. cerevisiae, division site specification has been extensively studied in a number of model organisms and cell lines [5, 21] and found to occur much later than in simpler organisms, as it is dependent on signalling from the mitotic spindle. This process is also highly adaptable: displacement of the mitotic spindle after furrow ingression leads to the disassembly of the contractile ring and its reformation around the new spindle location [22] .
It is beyond the scope of this review to discuss the full extent of the literature on these processes given our focus on mechanisms. Readers interested in a more in-depth discussion of actomyosin ring placement and/or formation are directed to a number of reviews that focus on S. pombe [2, 23, 24] , S. cerevisiae [1, 20, 25, 26] , and metazoan cells [5, 6, 27] , and comparisons between these (and other) organisms have been discussed in other reviews [13, [28] [29] [30] . A brief summary of widely conserved actomyosin ring/cytokinesis proteins is presented in Table 1 . Table 1 . Summary of widely conserved proteins involved in actomyosin-ring-driven cytokinesis, and their main functions.
Generic name
Organism-specific name (S. pombe; S. cerevisiae; Dictyostelium; C. elegans) Function a-actinin Ain1p; N/A 1 ; abpA; ATN-1 Actin filament crosslinker that ensures sufficient connectivity within actin bundles for myosin-generated forces to propagate through the whole network. Many other actin crosslinkers also play a role in cytokinesis, with varying dynamics and crosslinking distances.
Schizosaccharomyces pombe (Fission Yeast)
In the rod-shaped fission yeast S. pombe, the cytokinetic ring is formed from cortical puncta called nodes. Specifically, there are two populations of nodes, type 1 and type 2 nodes, which merge at the start of mitosis around the division plane at the cell middle [31] . These gradually accumulate contractile ring proteins until the start of anaphase, at which point the type 1 nodes disperse into the cytoplasm, while the type 2 nodes, which retain all the accumulated ring proteins, condense into a contractile ring structure [2, 30, 31] . A particularly important node protein for ring formation in wild-type (WT) cells is the anillin Mid1p [23] . After the onset of anaphase, Mid1p in the type 2/cytokinesis nodes acts as a scaffold for a number of important ring proteins, such as myosin-II and the formin Cdc12p [32, 33] , anchoring ring proteins (and then the ring itself) to the plasma membrane, and also contributing to site specification for ring formation [34] . During interphase, two distinct populations of Mid1p use independent but complementary mechanisms to specify the division site at the onset of mitosis [2] . One population of Mid1p is present in the type 1 nodes, where it co-localises with the SAD-like kinase Cdr2p [31] . Cortical protein gradients of the DYRK kinase Pom1p, which emanate from the cell tips, have been proposed to inhibit the formation of these Cdr2p nodes until the cell reaches either a certain length (14 mm) or surface area (it is not yet certain exactly which mechanism is employed by cells [35] [36] [37] ). At this point the concentration of nodal Cdr2p at the cell middle is thought to be high enough to trigger the onset of mitosis by inhibiting the G2/M checkpoint kinase Wee1p [35, 36] . This process leads to the formation of Mid1p nodes on the inner edge of the plasma membrane around the cell middle. The second interphase population of Mid1p is localised to the nucleus and, directly before the onset of mitosis, is released into the cytoplasm by the Polo kinase Plo1p and subsequently diffuses to the plasma membrane [38] . It is important to note that the nucleus is held in the middle of the cell by interphase microtubules, meaning that the nuclear Mid1p is more likely to diffuse to the medial membrane, rather than towards the cell tips (where node formation is inhibited anyway by a tip occlusion mechanism, as described in the following paragraph). So, whilst microtubules are not directly responsible for specifying the division site, as is seen in metazoan cells, they are nonetheless indirectly involved by controlling the position of the nucleus [39] .
The combination of these two mechanisms ensures that the future ring is correctly positioned to divide the cell into two equal-sized daughters. An additional, Mid1p-independent mechanism also exists, acting as a fail-safe to ensure that the division septum cannot form at the very tips of the cell. This is due to the fact that S. pombe growth occurs at the cell tips, so the presence of a division septum across this region will impede this process [40] . A tip complex, consisting of Tea1p, Tea4p and Pom1p, inhibits division septum assembly in these regions, possibly by regulating the F-BAR protein Cdc15p [40, 41] . Whilst this complex is not required for viability in normal cells, this tip occlusion mechanism becomes essential in cells in which the Mid1p pathway is also compromised [40, 41] .
After the arrival of Mid1p, interphase nodes (merged type 1 and type 2 nodes) then gradually mature into cytokinesis nodes by accumulating a number of key ring proteins (Figure 1 ). The first components to arrive after Mid1p are the myosin essential light chain Cdc4p and the actin-bundling protein IQGAP Rng2p [33, 42] . Rng2p is necessary for the subsequent recruitment of the myosin-II heavy and regulatory light chains, Myo2p and Rlc1p, respectively, and later acts as the connection between Mid1p and the ring [33, 43] . The F-BAR protein Cdc15p is then recruited by Mid1p, before node maturation is completed by the arrival of the formin Cdc12p [42] , recruited by both Cdc15p and the Rng2p-Myo2p module [33] . As well as being the last to arrive, Cdc12p is also the least abundant node protein, with each node thought to only contain an average of two Cdc12p dimers [14, 44] . The fully-formed ring is then maintained until the completion of anaphase, at which point constriction/septation is triggered by the septation initiation network (SIN) [45] , and Mid1p exits the ring, with Cdc15p thought to take over its membrane-anchoring role [46] .
Node condensation into a ring is believed to occur through a mechanism called search, capture, pull and release (SCPR; Figure 2A ) [47] . According to this model, once the nodes have fully matured, Cdc12p begins nucleating actin filaments in random directions from each node. If these filaments pass within a certain distance of another node, they can be captured by the myosin in the second node. The myosin then walks along the captured filament, towards the filament barbed end, which is After the onset of mitosis, six main proteins are recruited to Mid1p-containing interphase nodes. The order of this recruitment is depicted here, with the black arrows indicating the dependence of node localisation on specific proteins (e.g. Myo2p localisation depends on Rng2p, etc). After the arrival of the formin Cdc12p, actin begins to appear around the cell middle, and the nodes begin to condense on the membrane into a ring.
anchored in the first node by Cdc12p. This will cause the two nodes to move towards each other; across the entire network of nodes this process will lead to an overall condensation of the nodes [47, 48] . Crucially, captured and un-captured filaments are also stochastically severed (the 'release' step) by the cofilin Adf1p to allow for the nucleation of new filaments: both experiments and computer modelling show that without this step the nodes aggregate into clumps, rather than forming a uniform ring [47, 49] .
This model is dependent on the localisation of Cdc12p to the nodes. Whilst this has now been confirmed with fluorescence microscopy [44, 48] , earlier overexpression experiments suggested that at the time of ring formation Cdc12p was localised to a single dense 'spot' in the cell middle [50] . This spot then appeared to extend two actin filaments in opposite directions around the cell middle [8] that continued to extend around the cell circumference until they joined up on the opposite side, forming a ring [7, 8, 51] . This led to the 'leading cable' model of ring formation ( Figure 2B ), which proposed that Cdc12p is localised into a single, or few, dense spots that seed ring formation. However, more recent experiments, with improved fluorescent tagging and microscopes, have shown that Cdc12p does localise to the nodes [44, 48] , which appear to each nucleate actin filaments and move towards each other along these filaments [47] . The SCPR model is also supported by computer simulations [47, 52, 53] and a number of genetic studies where the deletion of certain cytokinesis proteins produces a phenotype that agrees with those predicted from simulations [49, 52] . Additionally, more recent observations of the Cdc12p formin spot indicates that it disassembles before any F-actin is detected at the division site, and its absence has little, if any, effect on ring formation [44] .
Whilst the SCPR model does seem to provide the best explanation for ring formation in WT cells, it does not explain how this process occurs in cells that cannot form nodes. For example, mid1D cells are viable and are still able to form a cytokinetic ring via a leading cable-like process, though there does not appear to be any mechanism to direct ring formation to the cell middle, as these rings are often misplaced and not orthogonal to the long axis [38, 54, 55] (although inhibition of septum synthesis can allow these rings to constrict until they become orthogonal [55] ). Additionally, in fission yeast spherical mutants (e.g. orb3D) and protoplasts (cells that have been separated from their cell wall via enzymatic treatment and osmotic shock [56] ), the loss of cell polarity should preclude the previously described (A) The search, capture, pull and release (SCPR) mechanism, where cytokinesis nodes containing the formin Cdc12p nucleate actin filaments, which are captured by the myosins in other nodes. The myosins then pull these nodes together, to gradually condense the node network. Occasionally, some lagging nodes that don't incorporate into the ring are seen. (B) The formin spot mechanism, where actin is nucleated from a single formin spot, which then gradually extends around the circumference of the cell to make a ring. This mechanism may be responsible for ring formation in cells that cannot form nodes, or where the SCPR pathway is not adequate to form a ring (e.g. in spherical mutants or in protoplasts). (C) Ring formation by the incorporation of nonmedially nucleated cables into the ring. This mechanism likely works alongside SCPR, as it is does not seem to be robust enough to work in the absence of SCPR. However, these cables may play a role in aiding compaction of the actin ring.
mechanisms for targeting Mid1p (release from the nucleus and cell-end exclusion) from being able to define a division plane. Instead, they should result in the formation of a uniform array of nodes across the entire inner membrane. However, these cells seem to use a leading cable-like mechanism to form their ring [57] , meaning that this mechanism appears to be a viable option for ring formation in the absence of the node pathway, or when this mechanism is not adequate to successfully form a ring [58] . In mid1D cells, this process is believed to be dependent on the SIN pathway [59] , which triggers the process of septation in S. pombe, and depends on the F-BAR protein Cdc15p. In mid1+ cells, once Mid1p has left the ring, the subsequent maintenance of the ring is also dependent on the SIN pathway and Cdc15p: temperature-sensitive cdc15 mutants are able to form a normal cytokinetic ring at the restrictive temperature, but this then disintegrates after Mid1p exits the ring [59] . It has also been observed that actin cables that are nucleated away from the cell middle by Cdc12p 'speckles' (individual dimers) [44] can be transported to the site of ring formation. These can then incorporate directly into the contractile ring ( Figure 2C ), although cofilin-dependent disassembly sometimes takes place beforehand, severing the filaments as they reach the cell middle [60] . In most cases, accumulation of actin cables at the cell middle seems to precede the arrival of Cdc12p to the nodes [60] . In a minority of cases, de novo nucleation (via SCPR) of filaments by the nodal Cdc12p commenced before the incorporation of non-medially-nucleated cables [60] , suggesting that both mechanisms operate during cytokinesis in WT cells, offering a level of redundancy that helps to reinforce the mechanisms of ring formation. However, there is no evidence that non-mediallynucleated cables are able to reliably form a contractile ring in the absence of de novo nucleation [61] . Instead, it has been suggested that these cables play a role in helping to form a compact actin ring [62] . This mechanism of pre-existing actin cables being transported to the division site is reminiscent of ring formation in metazoan cells [63, 64] , indicating that the behaviour in S. pombe might reflect a less robust ancestral mechanism that was subsequently fine-tuned in the metazoans. Saccharomyces cerevisiae (Budding Yeast) Budding yeast S. cerevisiae is only distantly related to fission yeast and divides through a budding mechanism, rather than medial fission. In S. cerevisiae, division site selection also occurs earlier than in fission yeast, with the bud site chosen at the end of G1. Budding yeast cells display two budding patterns. Haploid a and a cells bud in an axial pattern, where the bud site is placed adjacent to the previous division site in both the mother and daughter cells. Diploid a/a cells employ a bipolar budding pattern, where the mother cells choose a bud site either adjacent or opposite to the previous bud site, and daughter cells almost always bud opposite to their birth scar, away from the mother cell [65] [66] [67] .
These budding patterns are enabled by three groups of bud genes. The first group (bud3, bud4, axl1 and axl2/bud10) is specifically required for the axial budding pattern [68] [69] [70] [71] , the second group (bud7, bud8, bud9, rax1 and rax2) is required for bipolar budding [72] [73] [74] , whilst the third group (rsr1/bud1, bud2 and bud5) is necessary for both budding patterns [75, 76] . Bud3p and Bud4p localise to the bud neck from G2 and are thought to recruit Axl1p and Axl2p [77, 78] . After the completion of cytokinesis, these proteins remain at the bud scar, where they help with division site specification during the next cell cycle in axially budding cells [68, 71] . Similarly, for cells undergoing bipolar budding, Bud8p localises to the distal pole (opposite the birth pole), while Bud9p localises to the daughter side of the mother-bud neck [79] . These localisations are consistent with data showing that Bud8p mutants display a higher rate of budding at the birth pole, whilst Bud9p mutants show increased budding at the distal pole [72] . Meanwhile, Rax1p and Rax2p persistently localise to both sides of the mother-bud neck in fully septated cells, providing a marker of the proximal and distal poles in both mother and daughter cells [73, 74] . Additionally, the Cdc42p GTPase-activating protein (GAP) Rga1p binds to the old bud site and blocks the localisation of Cdc42p within the bud site, preventing any overlap with previous bud sites [80] . The combination of these activities helps to ensure that cells of S. cerevisiae are able to bud reliably.
Another essential, and well-studied, class of proteins involved in budding yeast cytokinesis is the septins [81] . These filamentforming, GTP-binding proteins are among the first cytokinesis proteins to localise to the future bud site [20, 25, 82] . Initially, at the end of G1 phase, they form a single ring structure, which quickly evolves into an hourglass structure as the bud begins to grow [20] . Upon completion of anaphase, signalling from the mitotic exit network (MEN) causes the septin hourglass to split into two rings, one in the mother and one in the daughter cell, with the actomyosin ring sandwiched in the middle ( Figure 3A ) [20, 83] .
Septins are thought to play a number of roles during cell division in budding yeast. Primarily, they are thought to act as a scaffold for ring formation, with the hourglass structure necessary for the recruitment of myosin-II, which then recruits all subsequent ring proteins [9, 84] . Septins are also believed to play a role as a membrane diffusion barrier between the mother and daughter cells [85] , and as a barrier between the actomyosin ring and the rest of the mother-daughter membrane when the septin double ring is formed [86] .
The arrival of the septins at the bud neck is followed by Myo1p, the single type II myosin in budding yeast [9, 84] , then the myosin light chains, two formins (Bnr1p and Bni1p) and the IQGAP Iqg1p [30] . Finally, actin filaments join the ring in late anaphase, followed by the F-BAR protein Hof1p [87] . It is believed that actin filaments are nucleated by formins at the ring and are then captured by Iqg1p and organised into a ring structure by Myo1p [20] . Similar to animal cells, localisation of active Rho GTPase (Rho1p in budding yeast) to the division site of budding yeast is also important for actomyosin ring assembly, as it activates formins and promotes myosin-II contractility [88] . Metazoans In metazoan cells, division site selection occurs during anaphase and is dependent on the targeting of the active (GTP-bound) form of RhoA to the equatorial membrane [89] ( Figure 3B ). Active RhoA then recruits formin and anillin to the division site, as well as kinases that subsequently activate myosin-II [6] . The entire process of division site specification is therefore dependent on the accurate targeting of active RhoA to the correct location, which is achieved by signalling from microtubule structures, namely the anaphase spindle and astral microtubules [6, 21] . The relative contribution of these two microtubule components predominantly depends on the cell type, although it seems to be the case that larger cells, such as embryos, rely more on astral microtubule signalling, whilst smaller cell types are more dependent on signals from the anaphase spindle [13] .
Anaphase spindle signalling originates from the central spindle, a narrow region of antiparallel microtubule plus-end overlap to which the signalling complexes centralspindlin and the chromosomal passenger complex (CPC) are recruited [6] . These complexes activate RhoA bound to the nearby membrane by first promoting the interaction between the Rho guanine nucleotide exchange factor (GEF) ECT-2 and the CYK-4 subunit of centralspindlin, loading ECT-2 onto the adjacent membrane where it activates RhoA [5, 6, 90] . How ECT-2 gets from the anaphase spindle to the equatorial cell membrane is currently not clear but might involve diffusion to the membrane [91] or active transport along actin filaments [92] . Recent work in C. elegans reported that a pool of membrane-bound oligomeric centralspindlin recruited ECT-2 to the membrane, leading to local activation of RhoA [93] . This local activation of RhoA by ECT-2 counters the global inactivation of RhoA by RhoGAP and ensures that active RhoA is confined to a local equatorial region, given that diffusion of RhoA from the equator exposes it to the global GAP activity and results in its inactivation [6] . The RhoGAP responsible for this global inactivation has only recently been discovered in C. elegans, with a distant ortholog also identified in human cells [94] .
Astral microtubules -both the dynamic and stabilised subgroups -also play an important role in division site specification. The centralspindlin complex has also been observed to localise to the plus ends of stabilised astral microtubules [95] , which are oriented with their plus ends close to the cleavage furrow: these structures have been postulated to promote assembly of the contractile meshwork by targeting active RhoA to the equatorial membrane [95] . Simultaneously, dynamic astral microtubules are thought to help inhibit the localisation of active RhoA and cleavage furrow proteins to the polar regions of the cell [96] . This idea is supported by experiments where the removal of only the dynamic microtubules from sea urchin embryos by (A) In budding yeast, septins act as a scaffold for the initial recruitment of myosin to the bud site, which is determined by the division site of the previous cell cycle. As the bud begins to grow, the septin ring splits into an hourglass shape. Once mitosis has been completed, actin cables also accumulate at the division site to form the actomyosin ring. Finally, signalling from the mitotic exit network (MEN) triggers the septins to reorganise into a double-ring structure, and the process of ring constriction begins. (B) In metazoan cells, signalling from the central spindle and from astral microtubules leads to the formation of a band of active RhoA on the membrane at the cell mid-plane. A combination of cable transport and de novo nucleation leads to the accumulation of actin at the division site, along with myosin. This then condenses into a ring and initiates furrow ingression. If the central spindle is moved at this point, the ring will disassemble, and a new band of active RhoA will be reformed around the new location of the central spindle, starting the process again.
nocadazole treatment resulted in the formation of a much broader zone of both active RhoA and cleavage furrow protein recruitment [91] . However, the exact mechanism through which the width of the active RhoA zone is controlled by the dynamic astral microtubules is not known despite it being the dominant mechanism for restricting the zone of active RhoA. The previously mentioned GAP-mediated inactivation of RhoA is only important in cells in which the centrosomal asters, and dynamic microtubules, are compromised [94] . In this case, when RhoGAP activity is also inhibited, active RhoA has been found to localise around the entire cell periphery [94] .
Parallels can be drawn between the mechanisms used for division site specification in S. pombe and metazoan cells, as both rely on stimulatory signalling for ring formation at the cell division site, combined with inhibitory signalling towards the cell poles [28] . However, unlike yeast cells (as well as plants and other fungi), metazoan cells do not specify a site for ring formation until after separation of their DNA, possibly because it is more important for metazoan cells to be able to adjust the position of their division plane, for example, based on cues from neighbouring cells [5] . This ability of the system to rapidly adapt to these cues is highlighted by experiments showing that, when the spindle is moved in cells that have already initiated furrow ingression, the furrow regresses and then reforms at the location of the new spindle [22] , with the band of active RhoA also relocating to the new spindle position [97] . Optogenetic local activation of RhoA demonstrates that RhoA activation is sufficient to drive cleavage furrow formation and contraction, with no preferred positioning for the ring [98] .
While the signalling pathways leading to cleavage furrow formation in animal cells are relatively well studied, the physical process through which actin, myosin, and other proteins are assembled into a contractile meshwork at the cleavage furrow is not as clearly understood as ring formation in budding or fission yeast [30] . As with fission yeast, anillin is believed to be an important scaffold protein in many metazoan cell types [32] , although it does not appear to have the same function as in fission yeast with regard to specifying the division site because the active RhoA band fulfils this role instead. Another similarity with fission yeast is that myosin seems to accumulate initially in patches, which could be interpreted as being analogous to the cytokinesis nodes in S. pombe [99] [100] [101] . De novo nucleation of actin by formins [102] and cortical flow of actin filaments [63, 64] have both been observed in furrow formation. However, not much else is known about the accumulation of cleavage furrow proteins in metazoan cells. A number of additional cytokinesis proteins, including tropomyosin, F-BAR proteins, a-actinin, profilin and septins, localise to the furrow through unknown mechanisms, though in many cases their functions appear to be non-essential, or different from those previously defined in yeast cells [30] .
Contractile Stress Generation for Cell Division
When actin and myosin filaments were first observed in a ring structure at the division site of mitotic cells, it was originally thought that basic actin-myosin interactions were responsible for generating the force needed to divide the cell [19] . However, as we shall discuss in this section, these interactions do not necessarily lead to contraction of the system: individual pairs of antiparallel filaments in a random actomyosin bundle are just as likely to be arranged in a contracting or an expanding configuration ( Figure 4A ), leading to no net change in the length of the bundle. Therefore, there are likely to be mechanisms that can overcome this inherent symmetry between expansion and contraction of randomly arranged antiparallel actin filaments, and facilitate ring contraction in cells where cytokinesis is known to be dependent on the myosin motor.
In contrast, some cells are able to complete cytokinesis without utilising motor proteins. Perhaps the most notable of these are bacteria and some archea, which are able to constrict their Z rings, made of the tubulin homolog FtsZ, despite the absence of any motor protein genes. However, a number of other organisms that do contain myosin genes are still able to divide in their absence, or when myosin motor activity is impaired. Budding yeast S. cerevisiae can complete cytokinesis when the motor domain of its sole type II myosin is deleted [103] , via a process thought to be dependent on the action of end-tracking actin crosslinkers combined with cofilin-dependent filament depolymerisation [15, 104] . Meanwhile, adherent cells of Dictyostelium have also been observed to divide without their type II myosin [105] , which is believed to be achieved through a combination of polar protrusive forces and regulation of the actin cortex properties throughout the cell (e.g. through regulation of the dynamics of actin-crosslinking proteins in the cortex) [106] . Adhesion-dependent, contractile-ring-independent furrowing has also been observed in mammalian cells [107] , which suggests that this mechanism may be conserved in all cells that have an actomyosin cortex. Some organisms, such as S. pombe, are even able to complete cytokinesis when their contractile ring is completely disassembled midway through constriction [108] , although the mechanism responsible is by no means robust [108, 109] . Finally, in certain mammalian cell lines, it seems that, whilst myosin is necessary, its motor function/ATPase activity is not required because myosin-II null cells can be rescued by expression of mutant myosins that are defective in their ability to translocate actin filaments [110] .
In the following sections, we shall initially consider some of the mechanisms through which the symmetry between expansion and contraction in actomyosin interactions can be overcome. We will first discuss some of the models describing the in vitro contraction of reconstituted actomyosin bundles (whilst also addressing their relevance to in vivo ring constriction), and subsequently discuss some of the models that specifically aim to describe the in vivo constriction of the actomyosin ring. Finally, we examine some of the additional, myosin-motor-independent mechanisms that various cells are thought to use to complete cytokinesis. These tend to be either the default mechanism, such as in budding yeast, or mechanisms that complement myosin motor activity during cytokinesis in WT cells, but are still able to divide the cell in the absence of this activity, such as in Dictyostelium. In Vitro Contraction of Actomyosin Bundles One of the first proposed mechanisms of force generation for cytokinesis in eukaryotic cells was the interaction of type II myosins with actin filaments. This was based on the observed colocalisation of myosin and actin at the cleavage furrow of dividing HeLa cells [111] . Electron microscopy experiments indicated that the ring is highly disordered, with myosin and actin distributed uniformly around the contractile ring/cleavage furrow, rather than in sarcomeric arrays. Whilst it might initially seem like a forgone conclusion that actin-myosin interactions can generate the necessary contractile stress, a brief consideration of myosin crosslinking between two actin filaments suggests that contractile behaviour is by no means a given. Between two parallel actin filaments, myosin will not produce any relative motion, whilst the interaction between antiparallel filaments is just as likely to lead to expansion as contraction ( Figure 4A ). One computational study even predicts that bundles of linear filaments and motor proteins can undergo telescopic expansion [112] .
Nevertheless, a number of in vitro studies using reconstituted bundles consisting purely of actin and myosin have shown that the interaction of these two proteins alone can lead to constriction [113, 114] . A particularly interesting study showed that actin monomers isolated in liposomes, in the presence of methylcellulose to act as a depletion agent, can form actin rings. Furthermore, ring formation is promoted at a particular concentration of type II myosin, and these rings can undergo constriction in an ATP-dependent manner [114] . These in vitro results suggest In each panel, the upper actin filament is orientated with its barbed end to the left, and pointed end on the right. (A) By considering the simplest possible contractile actomyosin system, consisting of two actin filaments crosslinked by a single myosin cluster, it can be argued that actin-myosin interactions do not necessarily lead to a net contraction. Myosin crosslinking between parallel filaments generates no relative sliding, while antiparallel filaments are just as likely to undergo expansion or contraction, in the absence of other mechanisms. (B) If the myosins do not all have the same walking speed (possibly due to varying numbers of myosin motors per cluster), then it is possible that slower motors could act as 'brakes' between the faster motors, leading to regions of compression and extension along the lengths of the actin filaments between the motors. The actin filament will be more resistant to extensional forces than compressive forces, the latter of which can result in filament buckling, generating a net shortening of individual filaments. (C) If myosin heads remain attached to actin filaments when they reach the barbed end, a net contraction between parallel filaments can be generated if the myosin continues to walk along the second filament. However, this would also increase the propensity for expansion between antiparallel filaments, so this effect may cancel itself out.
that there must be mechanisms by which the balance between expansion and contraction in actomyosin interactions can be perturbed in favour of contraction.
Two key mechanisms have been suggested to explain the observed contraction of reconstituted actomyosin structures. The first proposes that the behaviour of F-actin itself under extensional and compressive forces breaks the symmetry [115] [116] [117] . If the myosin clusters present in the bundle have a range of velocities, e.g. if there is a variable number of myosin molecules per cluster, then slower clusters could act as brakes between the faster clusters, which would lead to regions of either extension or compression in the lengths of actin between clusters ( Figure 4B ). The authors then propose that the buckling of filaments under compression, compared with their resistance under extension, leads to the overall contractility of the bundle. It has also been observed that the rate of actin filament severing is increased at regions of high curvature [117] , so this could also enhance the asymmetric response of F-actin to further facilitate contraction via buckling.
It is not clear what effect actin-crosslinking proteins present in the actomyosin ring would have on this mechanism. High enough myosin concentrations were observed to inhibit filament buckling in vitro [115] , which the authors suggest is due to the reduction of the distance between myosin clusters [115] . However, a more recent study using reconstituted actin rings, along with dimeric myosin-VI, found that moderate actin crosslinking was necessary to induce buckling in rings consisting of disordered actin bundles [118] . Since the myosin that was used was dimeric, it is likely that these myosins all had approximately the same velocities and were therefore not sufficient to act as the brakes themselves (no contraction was observed in the absence of crosslinking proteins [118] ). Additionally, increasing the concentration of crosslinkers beyond a certain level inhibited filament buckling, reducing the contractility in the ring [118] . It is possible that there is an optimal ratio of [actin]:[myosin]:[crosslinkers] to induce contraction via buckling, where filaments are not sufficiently crosslinked at low crosslinker density to allow buckling to take place, and at high density buckling is inhibited.
The in vitro experiments by Lenz et al. [115] used 5 mm long actin filaments. Therefore, it is appropriate to ask whether this mechanism also applies to shorter actin filaments, since the longest filaments are just over 1 mm in the S. pombe contractile ring [7] and around 0.1 mm in Dictyostelium and many metazoan rings [12, 13, 119] . Actin filaments are also known to have a persistence length of around 15 mm [120] , which means that a 0.1 mm long filament will behave as a stiff rod and is not likely to bend appreciably. Considering this, and the fact that for this mechanism to work multiple myosin motors and/or crosslinkers must be bound to each filament, it seems unlikely that this mechanism could work with the shorter filaments that are present in the actomyosin ring, though it could still be relevant for other processes.
A second model posits that actomyosin contractility could be caused by myosins lingering on the barbed end of a filament, or slowing down as they reach the barbed end [104, 121] . This would induce contraction between parallel filaments because once the myosin has reached the barbed end of one filament it will continue to displace the second filament relative to the first in a contractile manner ( Figure 4C ). Unlike the model above, the presence of actin-crosslinking proteins would not necessarily hinder contraction and may in fact aid transmission of the contractile force to the rest of the bundle/ring [122] . However, no specific mechanism to enable a myosin motor to remain attached to an actin filament after it reaches the barbed end has been suggested, and no direct evidence for such activity has been observed. Additionally, whilst myosin lingering at the barbed ends of actin filaments would induce net contraction between parallel filaments, this same mechanism would also increase extension between antiparallel filaments ( Figure 4C ), which would potentially cancel out any contractility between parallel filaments [15] . Myosin Motor-dependent Ring Constriction (In Vivo) Cytokinesis in S. pombe is believed to be dependent on myosin-II ATPase activity, based on in vitro experiments [57] and various in vivo experiments examining cytokinesis-defective myosin-II mutants [103, 123] . Cytokinesis in Dictyostelium is also believed to be myosin dependent, though only for cells grown in solution because adherent cells can use other mechanisms to complete cytokinesis [105] , as discussed below. It is thought that metazoan cytokinesis should show a similar dependence on myosin-II as Dictyostelium cytokinesis [107] , although, as previously mentioned in the introduction to this section, there are still questions about the exact nature of this involvement [110] .
A recent computational study has looked at a model actomyosin ring, loosely based on the S. pombe ring, and the mechanisms needed to generate contraction in this system [122] . This model consists of randomly orientated actin filaments that are uniformly distributed in a circular array and randomly crosslinked by myosin clusters, which are again uniformly distributed around the ring. Passive crosslinking is also included, although rather than being modelled as a specific interaction between pairs of filaments, like the myosin clusters, this is modelled as a viscous drag between filaments that is proportional to their overlap length and velocity difference. In this system, it was found that actin treadmilling is essential for ring constriction, as this biases myosin clusters towards the pointed ends of actin filaments, where they are most able to generate contractile forces ( Figure 5A ). However, filament treadmilling alone is not sufficient to completely bias the myosin to the pointed ends. Sufficient crosslinking is also required, as this was observed to further bias the myosin towards the pointed ends of filaments, by reducing the speed at which myosin slides the filaments apart and helping to transmit the force generated to the rest of the ring [122] . Finally, myosin processivity is also required to maintain this biasing effect, as simulations with non-processive myosins caused the ring to slowly expand [122] .
Another recent model has also been developed for ring constriction in S. pombe. This model examines the roles that membrane anchoring of actin filaments and turnover of ring components play during constriction [124] . In S. pombe, many of the ring proteins have been observed to turn over rapidly during constriction [125, 126] . Additionally, treatment of constricting rings with latrunculin A, a drug that inhibits actin polymerisation, is known to cause ring disassembly, implying that actin filaments also undergo turnover [108, 125] . Actin filaments are thus continuously being nucleated and disassembled during constriction, with nucleation believed to be due to the formin Cdc12p, whilst disassembly and removal of filaments is thought to be due to the action of the cofilin Adf1p and formin turnover.
Using these mechanisms and the measured concentrations of ring proteins [14] , Stachowiak et al. [124] proposed a physical model where formins nucleate actin filaments in the ring, whilst anchoring their barbed ends to the cell membrane ( Figure 5B ). This means that only the pointed ends are available for interaction with myosin clusters, ensuring that the filaments are organised so that contractile arrangements of antiparallel filaments predominate ( Figure 4A) . Thus, the force of myosin pulling actin filaments together against the viscous drag of the formins in the membrane generates tension in the ring. Passive crosslinking by a-actinin was also included in the simulations; however, it was found to have very little effect on ring tension and bundling, in contrast to the previously discussed model by Oelz et al. [122] . This agrees with previous experimental work in S. pombe, where it was found that a-actinin deletion had little effect on cytokinesis under normal conditions [127] , although there may be other crosslinkers present during cytokinesis, such as the IQGAP Rng2p, that are able to compensate for a-actinin deletion.
While ring constriction could not actually be simulated because of the geometry used to set up the model, ring tension could be estimated at different circumferences and was found to agree with the tensions measured from ring-dependent membrane furrowing in S. pombe protoplasts [124] . There are, however, some issues with this model as it assumes that all filaments are anchored to the membrane via Cdc12p at their barbed end. Only an estimated 300 Cdc12p molecules are present in the S. pombe ring [14] , functioning as 150 dimers, while EM measurements estimated that the ring contains 1,000-2,000 actin filaments [7] . These measurements were carried out using a cdc25-22 strain, which grows twice as long as WT S. pombe when the cells are shifted to their restrictive temperature and is known to accumulate higher concentrations of ring proteins than in WT cells. Nevertheless, the number of formin dimers or actin filaments in cdc25-22 cells is probably not as much as ten times higher than in WT, so it seems highly likely that a large number of the actin filaments in the ring are not anchored via Cdc12p to the membrane. This raises the question of the role that the rest of these non-anchored filaments play in the ring. Perhaps the previous mechanism described by Oelz et al. [122] allows for additional force generation by filaments not bound to the membrane.
Both of the computational studies discussed here propose attractive models for the in vivo constriction of actomyosin rings, as they each rely on a number of well-documented mechanisms (e.g. actin treadmilling, actin crosslinking, and component turnover) that work in concert to overcome the symmetry between expansion and contraction present in random actomyosin bundles. A common theme between both models is the requirement for actin to undergo some form of turnover in order for the constriction to be maintained. In the model by Oelz et al. [122] simulated rings do not constrict without actin treadmilling, and in the model of Stachowiak et al. [124] the simulated rings rapidly lose tension when component turnover is switched off. These requirements suggest that these models cannot explain the observed in vitro contraction of actomyosin bundles [113] . Perhaps more relevant is that rings isolated from S. pombe protoplasts constrict in an ATP-dependent manner without turnover of ring components [57] , suggesting that there must be other mechanisms that result in constriction in these isolated rings, as the mechanisms proposed in the two in vivo models cannot generate constriction under these conditions.
As a final thought for this section, it is also worth mentioning some cases in which myosin-II plays roles either in addition to or instead of force generation via actin filament translocation in the contractile ring. For example, in an LLCPK1 epithelial cell line expressing GFP-tagged actin, it was found that myosin-II was important for transporting actin filaments to the contractile ring and for removing filaments during constriction, as well as generating tension [128] . In some cases, actin filament sliding even seems to be the least important function of type II myosins. In budding yeast, it has been hypothesised that the myosin-II present in the contractile ring is more important for promoting actin filament depolymerisation [15] , which, when coupled with the action of end-tracking crosslinkers, is believed to be the primary mechanism of contractile ring force generation in this organism (discussed in the next section). Furthermore, in COS-7 cells, experiments performed with motor-impaired myosins indicate that crosslinking of actin with myosin is more important than actin filament sliding for ring constriction in vertebrate cells [110] . One possible explanation is that, by strongly crosslinking actin filaments, the mutant myosins cause constriction through entropic forces, by acting as diffusible crosslinkers [129] . This idea is discussed in more detail in the final part of this section. Actin Depolymerisation-driven Constriction Actin depolymerisation, coupled with the action of end-tracking crosslinkers, is believed to be the main mechanism of force generation during the constriction of the budding yeast cytokinetic ring [15] . In this organism, the combination of a cofilin deletion or a myosin-II motor domain deletion with jasplakinolide treatment (an actin-filament-stabilising drug) caused the rate of ring (A) It has been proposed that actin treadmilling and crosslinking are sufficient to facilitate contraction in random actomyosin arrays. Treadmilling tends to counteract the processive effect of myosin, meaning the relative motion of the two filaments shown is reduced compared with the system without treadmilling. However, passive crosslinking of these filaments to the surrounding actin network generates contraction in the local environment. Red actin monomers are included as reference points to better depict the actin dynamics. The upper actin filament at each timepoint has its barbed end on the left. (B) Another model of ring constriction proposes that the turnover of ring components, combined with anchoring of actin filaments to the membrane, are suitable mechanisms for generating contractility. Actin filaments are anchored at their barbed ends by formins, meaning that only their pointed ends are available for actomyosin interaction. Turnover of formin and actin filaments, via unbinding from the ring and severing by cofilin, helps to bias the system towards contractile arrangements of actin and myosin (see Figure 3A) . Actin crosslinking can also occur, but simulations suggest it is not important for this mechanism to generate contraction. The brown background in (B) represents the plasma membrane beneath the ring, where the formins are anchored.
constriction to be significantly reduced, and in some cases constriction was suppressed altogether [15] . Deletion of the budding yeast myosin-II motor domain or inhibition of its motor activity, in the absence of any other treatment, reveals that it is not essential for ring constriction [15, 103] , unlike in S. pombe [57, 103, 123] . Therefore, actin disassembly seems to be required for ring constriction, whilst the main role of myosin appears to be to aid in actin disassembly, rather than in sliding actin filaments, given the similar phenotypes of cofilin and myosin motor domain deletions [15] . Depolymerisation-driven constriction is believed to work as depicted in Figure 6 : an actin filament is bound near its pointed end to another actin filament via a crosslinking protein, such as an IQGAP or a-actinin (although there is no a-actinin in budding yeast). If either actin depolymerisation or an actinsevering protein such as cofilin removes the portion of the filament to which the crosslinker is bound, it is possible for thermal fluctuations to bring the crosslinker into contact with the new filament end, reforming the previous bond. If this process can be repeated, non-myosin crosslinking proteins can generate contractile forces when coupled with filament depolymerisation [15, 104, 130] , providing another mechanism to break the symmetry between expansion and contraction of random actomyosin bundles. This mechanism could also work in concert with myosin-driven contractility, as it could potentially stop antiparallel filaments from expanding after reaching their maximum overlap [131] .
Ring constriction in budding yeast has recently been modelled by Mendes Pinto et al. [15] . The model includes both actin depolymerisation and motor-based mechanisms, the relative contributions of which can be varied. Additionally, the relative orientations of actin filaments in the simulated rings can also be controlled, from entirely parallel to alternating filament polarities. Simulations of this model confirm that actin depolymerisation can generate contractile sliding of actin filaments, even without myosin motor activity [15] , and this is the case no matter the relative orientation of actin filaments in the ring [104] . However, simulations of rings that can only use myosin-generated sliding are sensitive to the relative proportion of parallel and antiparallel filaments. Configurations with even a small fraction of antiparallel filaments will expand under certain parameter conditions, whilst rings with 50% or more antiparallel filaments will undergo expansion a majority of the time [15] . Conversely, simulated rings that use both motor-driven filament sliding and depolymerisation-based mechanisms always underwent constriction, although for some parameter regimes the constriction rate was reduced when compared with equivalent simulation in the absence of myosin activity [15] .
Currently, S. cerevisiae is the only organism in which actin-depolymerisation-based mechanisms are thought to be the main tension generator in the contractile ring, although other budding yeasts, such as Pichia pastoris and Yarrowia lipolytica, may also use this mechanism for actomyosin ring constriction. In fission yeast, metazoan and amoeboid cells, normal cytokinesis is currently believed to be dependent on myosin motor activity. Furthermore, work using a permeabilised cell system in S. pombe showed that actin filament stabilisation with jasplakinolide did not block ring constriction, indicating that actin depolymerisation is not necessary for constriction [57] . However, force generation by depolymerisation is an established mechanism in microtubules, where depolymerisation of the kinetochore fibres is responsible for poleward movement of chromosomes (A) For two antiparallel actin filaments, if actin depolymerisation causes a crosslinking protein bound near the pointed end to lose its attachment, then it is possible that it will be able to reattach to the actin filament and exert a force to contract the two filaments. While in the case of antiparallel filaments there is still a net expansion, this is reduced by the presence of the endtracking crosslinker, i.e. in the second timepoint the filament overlap has decreased from four monomers to two, but the end-tracking crosslinker increases this to three monomers in the fourth timepoint. (B) Between parallel filaments, the action of end-tracking crosslinkers can generate a net contraction, as illustrated. In (B), each red arrow denotes an entire cycle of depolymerisation and reattachment, as depicted in (A) for antiparallel filaments. (C) In S. cerevisiae, actin filaments are thought to undergo minimal turnover, so the mechanisms depicted in (A) and (B) will not contribute to constriction. Instead, it is thought that actin-severing proteins such as cofilin facilitate this method of constriction. If a cofilin severs a filament near a crosslinker at the pointed end, then fluctuations in the crosslinker and the severed filament could bring them back into contact, leading to a net contraction. In (A-C) red actin monomers are included as reference points to better depict the actin dynamics.
during anaphase in eukaryotic cells [132, 133] . Additionally, myosin-II-mediated actin depolymerisation has been observed to play a role in force generation for cell migration [134, 135] , so while it may not be an important mechanism for cytokinesis outside of budding yeast, it is required for other processes in many organisms.
Septation-dependent Cytokinesis
A recent idea in the cytokinesis field is that, for walled eukaryotes such as S. pombe, the dominant factor determining the rate of ring constriction is not the amount of tension that can be generated in the contractile ring, but the rate of synthesis of new cell wall material to generate the invaginating septum. Indeed, it has been known for some time that ring constriction and septum synthesis occur concomitantly in S. pombe [136] . It has also been observed that the constriction rate is constant [125] , despite the increase in myosin concentration during constriction [14] , and the (predicted) increase in ring tension [124] and constriction rate [122] that this would generate, indicating that something other than the ring controls the rate of constriction. Analysis of the constricting ring and the septum [136] , along with other recent evidence [108, 109, 137] , suggests that septation controls the constriction rate. This idea first originated from theoretical considerations of the various forces acting on the ring during constriction. S. pombe has a measured turgor pressure of approximately 10 6 Pa [138, 139] , which the constricting ring would potentially need to work against. However, an estimation of the maximum tension that can be generated by the contractile ring, based on the number of type II myosin molecules present, suggests that it produces less than 1% of the force required to overcome this turgor [108] . As a result, it was proposed that it is actually the growth of the primary septum that drives cell division, through a Brownian ratchet mechanism [108] . Experiments in which partially constricted S. pombe rings were disassembled through latrunculin A treatment supported this proposal: cells that had already constricted more than 50% were able to complete septation in the absence of the ring [108] . However, the turgor pressure is not the only force that would potentially resist ring constriction because the ring is attached to the membrane and, more importantly, to the growing septum via b-glucan synthase proteins, which are responsible for growing the primary septum as the ring constricts. While the elastic properties of the primary septum have not been measured, the cell wall has a measured elastic modulus of around 100 MPa [138] , which, if used as an approximation for the properties of the primary septum, would give an estimated spring constant of 63 Nm -1 , using a cell radius of 2 mm and a primary septum thickness of 0.1 mm. Thus, to constrict its radius by 10%, the ring would need to exert a force of around 13 mN to stretch the cell wall, whilst to initially overcome the turgor the ring needs to generate a minimum force of around 1 mN. It was also observed in Proctor et al. [108] that the constriction rate was significantly lower after latrunculin A treatment, which is inconsistent with the idea that septum growth generates the force for constriction, as this theory would suggest that loss of the ring would have no effect on the constriction rate. Additionally, it is not known if septum synthesis occurs through the addition of monomers or oligomers: if it is the latter, then based on the calculations present in Proctor et al. [108] it seems very unlikely that a Brownian ratchet mechanism would be sufficient to generate constriction whilst working against the turgor.
Thiyagarajan et al. [137] proposed that the ring does generate enough tension to pull away from the primary septum. However, because the ring does not detach from the septum and cannot significantly stretch the septum, it is only able to pull the membrane slightly away from the septum before the maximum ring tension is reached, preventing further constriction. According to the model, this distance is sufficient to allow for the insertion of new b-glucan monomers/oligomers into the septum via the b-glucan synthase proteins. This septum growth reduces the stress on the septum and the tension in the ring, allowing the ring to contract further and pull the membrane away from the septum again, allowing the process to repeat itself. Through this mechanism the ring is able to constrict, but at a rate that is set by the rate of septum synthesis rather than by the tension in the ring itself.
In reality the process of septum growth is stochastic, so rather than growing uniformly across the entire septum edge there are likely to be fluctuations, with some regions ingressing faster than others. However, the ring/septum edge is observed to remain highly circular throughout constriction [125, 137] . It has been suggested that the ring tension is important for maintaining a uniform ingression rate across the entire septum edge [109, 137] . Specifically, it is proposed that the activity of the b-glucan synthases is dependent on the force exerted upon them, whilst the local tension in the ring increases with the local curvature [137] . Therefore, in regions where the septum has ingressed faster, ring curvature will be reduced or even negative, so the ring tension will be reduced and the activity of the b-glucan synthases will be lower. Conversely, in regions where the septum has not ingressed as far, the curvature will be higher, increasing the local ring tension and increasing the b-glucan synthase activity, allowing these regions to catch up to the rest of the septum. Experiments with S. pombe cells deformed by an externally imposed load show that an initially deformed septum becomes circular throughout cytokinesis, with faster septum growth found in regions of higher curvature [109] . To complement this, simulations also show that ring tension is sufficient to suppress fluctuations in septum growth and maintain a circular septum throughout cytokinesis [137] .
This process is important because the actomyosin ring can only constrict to a finite radius. This means that after constriction has finished, there will still be a small hole in the septum between the two daughter cells, which must be closed off using other mechanisms (in mammalian cells, this process depends on the ESCRT complex). If a uniform rate of ingression is not maintained across the entire septum edge (e.g. as a result of loss of the ring or ring tension), experiments and simulations suggest that this may lead to the formation of a rough, non-circular hole [109, 137, 140] , which cannot be closed off as easily as a circular one and may in turn lead to cytokinesis failure.
Currently, septation-dependent ring constriction has only been observed in S. pombe, so a possible avenue for future experiments would be to see if any other organisms also use this mechanism. If it is present in the filamentous fungus Neurospora crassa, the wide range of hyphal diameters of this fungus [18] would allow for the study of rings and septa of varying diameters. The forces and material properties involved in S. pombe cytokinesis (i.e. ring tension, turgor pressure, and primary septum properties) have only begun to be measured recently [124, 138, 139] , so additional measurements are needed to further understand the impact of these properties on cytokinesis and to unravel cytokinesis mechanics. Measurements of ring tension from live S. pombe cells, instead of protoplasts, would be particularly informative and potentially more representative of values in situ. For example, the tension may be higher in live cells due to the increased load from the ring pulling on the septum, which may lead to increased recruitment of myosin or to cooperative force generation between multiple myosin clusters, as observed for dyneins transporting cargo along microtubules [141] . Whilst the turgor pressure is the best studied of these properties [108, 139] , additional measurements would still be useful, particularly if they were able to determine how the turgor varies throughout the cell cycle of individual cells, to see if there is a reduction during cytokinesis. A number of additional techniques have been used in the past to measure the turgor pressure in other organisms [142] [143] [144] , so perhaps it is possible that these could also be applied to S. pombe for this purpose. Actin Cortex Remodelling and Regulation So far, we have considered models of cytokinesis that treat the process as occurring solely at the equatorial region of a cell, due to either a contractile ring structure or other mechanisms, such as cell wall growth. For organisms such as fission yeast and budding yeast, this seems like a valid assumption, as the cells are enclosed by a rigid cell wall, which fixes their shape, and they do not have any kind of detectable actin cortex. However, in more complex cell types, such as amoeboid and metazoan cells, which are able to spatiotemporally regulate their morphology and actin cortex properties, it has become more commonplace to think of cytokinesis as a global process [145] , with events taking place at the polar cortex assisting in the process.
In Dictyostelium cells, a number of mechanisms, in addition to the contractile meshwork at the cleavage furrow, have been proposed to contribute to cytokinesis. Two of these mechanisms are traction-mediated protrusive forces and differing Laplace pressures (Box 1) between the polar and equatorial regions of the cell, which are caused by differing cortical tensions and curvatures in these regions [12, 106, 146, 147] . The combination of these two mechanisms is thought to provide an explanation for the ability of adherent Dictyostelium cells to complete cytokinesis in the absence of their type II myosin [105] . In this case, protrusive forces initially act along the axis of chromosome segregation to pull the two cells apart, which initiates furrow ingression [106] . Then, an increase in equatorial cortical tension (which accompanies entry into cytokinesis in Dictyostelium [12] ) and an increase in the equatorial curvature (due to the furrow ingression), leads to an increase in the Laplace pressure at the furrow that is sufficient to divide the cell. Even in WT cells with normal myosin II, it is thought that, after the initial furrow ingression, the Laplace pressure is the dominant force instead of actomyosin contractility. This is because adherent cells in which the WT myosin-II has been replaced with a mutant myosin that has 10-fold reduced activity can still constrict at WT velocities [12] . Furthermore, adherent myosin-II null cells actually constrict faster than WT cells during the later stages of cytokinesis, after the Laplace pressure has taken over [146] . In WT Dictyostelium, it is thought that cells actually use cortex-binding proteins, such as RacE and dynacortin, to work as cytokinetic 'brakes', acting to resist the flow of cytoplasm away from the furrow region caused by the Laplace pressure and allowing myosin-II to control the rate of constriction instead [146] .
Similar observations have been made in an NRK mammalian cell line and in HT1080 fibrosarcoma cells [107] , where inhibition of myosin-II motor activity with blebbistatin did not inhibit furrow formation and cell division in adherent cells, although very high concentrations did block abscission in the NRK cells. This adhesion-dependent cell division is thought to occur through similar mechanisms as in Dictyostelium, although it has not been studied in the same detail.
Entropic Forces
For this final section we shall discuss whether it is possible that entropic forces could play a role in actomyosin ring constriction. These forces have already been found to be important in a number of biological systems, such as nucleosome compaction [148] , nucleosome unwrapping [149] , and membrane bending induced by membrane protein crowding [150] . However, the most relevant for this article is the discovery that confined onedimensional diffusion of crosslinking proteins in the overlap region of two microtubules can generate entropic forces that act to increase the overlap length, leading to an overall contraction of the system [129] .
The entropic force generated between overlapping microtubules works as follows [129] . The crosslinking S. pombe protein Ase1p binds to the overlap region between two microtubules. Importantly, Ase1p molecules are able to diffuse within the overlap region, with a very low unbinding rate for complete detachment from the overlap region (i.e. detachment of both heads of the crosslinker, as opposed to just one head). If one microtubule is treated as being stationary, the second microtubule is then essentially confined to undergo one-dimensional diffusion along the track of the first. With a fixed number of Ase1p molecules bound, the enthalpy of the system remains constant, even if the number of available binding sites varies due to changes in the overlap length. This means that the system is equally likely to inhabit any of the possible configurations available to it, i.e. any of the possible positions of the Ase1p molecules within the overlap length. However, the number of possible configurations increases substantially with the overlap, as illustrated in Figure 7 , The Laplace pressure is the pressure difference at the interface between two static fluids (for example, in a soap bubble) and is a function of the surface tension and curvature at the interface. The Laplace pressure is determined from the Young-Laplace equation, DP = Tðð1=R 1 Þ + ð1=R 2 ÞÞ, where DP is the Laplace pressure, T is the surface tension, and R 1 and R 2 are the principle radii of curvature. For a sphere, R 1 =R 2, so the equation is reduced to DP = 2T/R, and for a cylinder DP = T/R, as there is only one radius of curvature to consider. As discussed in the main text, it is thought that spatiotemporal regulation of surface tension, combined with mechanisms that can initiate furrow ingression, allow certain cell types to use the Laplace pressure to aid in cytokinesis.
meaning that the system's entropy increases with the overlap length, and the Gibb's free energy decreases. Therefore, through random one-dimensional diffusion, the microtubules are likely to move towards a configuration with maximal overlap [151] .
This behaviour is analogous to that of a gas compressed by an external load because when the compressing load is removed the gas pressure will cause it to expand to its equilibrium configuration. Similarly, when the overlapping microtubule system is perturbed from equilibrium, the crosslinkers are compressed into a shorter overlap region. This compression causes the crosslinkers to exert a one-dimensional pressure (i.e. force) that opposes the perturbing load, trying to bring the system back to a configuration of maximum overlap. In fact, in Lansky et al. [129] it was predicted that the overlap expansion force from the crosslinkers should follow a one-dimensional ideal gas law. The forces generated in the microtubule system can be on the order of pN and are sufficiently strong to counteract other physical forces that act to slide the filaments apart, such as hydrodynamic flow, motor activity of kinesins, and pulling from an optical trap [129] .
Is it possible that the same type of force is also relevant in actomyosin ring constriction? This would provide a potential explanation for the previously mentioned results from Ma et al. [110] , where mutant type II myosins, defective in motor activity but with apparently normal actin-binding properties, were able to rescue cytokinesis in COS-7 cells lacking WT myosin-II. (A) For a system of two overlapping microtubules, two diffusible crosslinkers bound within the overlap region can adopt one, three or six possible configurations as the overlap increases from two to four dimers. (B) Since all these arrangements have the same enthalpy, the probability of the system having a given overlap length is proportional to the number of available configurations with that overlap. For a system with 10 crosslinkers between two microtubules, each of which is 40 tubulin dimers in length, there is a high probability that the system will occupy a configuration of near maximal overlap. If the system is perturbed to a state with a reduced overlap length, random one-dimensional diffusion of one microtubule along the other will return the system to a configuration with a maximal overlap.
In vitro experiments demonstrated that the mutant myosins could not translocate actin filaments, but were able to bind and generate tension. Under heavy load they underwent a highly prolonged ATPase cycle, which lasted on average for the same length of time as ring constriction, whilst assisting loads were found to speed up the detachment of myosin heads, stopping the mutant myosins from inhibiting furrow ingression [110] . If the mutant myosin heads are able to act as diffusible crosslinkers, they could be a source of entropic forces, which could then lead to ATPase-independent ring constriction by acting to increase the overlap lengths of actin filaments [129] . Of course, it is also possible that there are other mechanisms that can explain this phenomenon. For example, recent work has also begun to investigate the force-dependent and cooperative nature of many of the myosin and crosslinking proteins involved in amoeboid and metazoan cytokinesis [152] [153] [154] [155] . If the mutant myosins used by Ma et al. [110] are still able to reach their cooperative binding state, which is typically encountered within the first few nanometres of the power stroke [156, 157] , then this could lead to greater recruitment of myosin to the cleavage furrow [156] and to the generation of larger cortical tensions, potentially resulting in a large enough Laplace pressure at the cleavage furrow to divide the cell in a mechanism similar to that proposed for adherent Dictyostelium cells. Ultimately, however, it is too early to say with any certainty what the mechanism might be; however, a number of future experiments, if successful, would definitely lend more weight to the idea that the mutant myosins are able to generate entropic forces. For example, it would certainly be interesting to see if this effect can be reconstituted in other model organisms that have the equivalent mutations in their type II myosins, particularly in organisms like yeasts, where other effects such as the previously discussed actin cortex remodelling cannot compensate for a loss of actomyosin ring contractility. Perhaps actin and the mutant myosin can also be reconstituted in an in vitro system similar to that used by Lansky et al. [129] to see if the effect of overlap expansion is observed.
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Review Final Thoughts
The field of cytokinesis research has seen significant advances in the last few decades, driven in part by technological developments. Perhaps the most important of these has been advances in fluorescence microscopy, which, along with the ability to fluorescently tag proteins, have allowed biologists to track the location and interaction of proteins in living cells with relative ease. The continuing optimisation of new techniques, such as super-resolution microscopy and light-sheet microscopy, should help to further elucidate the mechanisms behind processes such as cytokinesis. Super-resolution microscopy should be particularly useful in helping us to understand the structure of the actomyosin ring, which in turn will undoubtedly help to reveal the force-generating mechanisms employed. Additionally, improvements in the abilities of experimentalists to quantify these systems, for example, by measuring the forces generated by motor proteins, or measuring protein concentrations in specific cellular structures, has also opened the door to more rigorous and realistic mathematical modelling of these systems [158] .
While we have focused only on actomyosin-dependent cytokinesis in eukaryotic cells, FtsZ-dependent prokaryotic cytokinesis is also an active area of research. This is a particularly interesting field, as FtsZ polymers are believed to act both as cytoskeletal filaments and as the main force generator during Z-ring constriction [159] : readers with an interest in this area are encouraged to read a number of relevant reviews [159] [160] [161] .
One common theme that can be taken away from this review is that cytokinesis is a very robust process, with many layers of redundancy. For the three main stages of cytokinesis discussed in this review (as defined in the introduction), multiple pathways ensure that these events take place correctly in most cell types. This redundancy is particularly evident in the generation of contractile stress, where most eukaryotic cells seem to rely on actomyosin interactions for cytokinesis but are able to use additional mechanisms to assist, or take over, if this process is compromised.
